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IMPACTS OF ELECTRIC PROPULSION SYSTEMS ON SUBMARINE DESIGN
by
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ABSTRACT

A A theoretical study was carried out on the effects of replacing submarine turbine-reduction gear
propulsion drive systems with an equivalent electric drive system. Alternating current (A.C.)
and direct current (D.C.) systems were designed using computer based machine synthesis
programs. The systems considered included direct drive moiors operating at the speed of the
submarine drive shaft and motors operating at higher speeds in conjunction with integral single
stage reduction gears. Methods to improve the efficiency of the various motors for speeds
other than rated speed were examined. The impacts of the electric system designs were
evaluated in terms of the ability of a mechanical drive submiarine design to accept the
replacement of the mechanical components with the equivalent electric components and meet

standard submarine desigr closure criteria.

All electric drive variants met the basic naval architectural feasibility requirements. Electric
drive systems were heavier, required less arrangable volume and were generally less efficient
than the mechanical baseline ship. Gear reduced electric systems were lighter and more than
the direct diive, low speed motor based systems.

Electric submarinc drive is a feasible alternative to conventional mechanical, locked train
transmission systems. Electric drive installations carry penalties in terms of added weight and
reduced propulsion plant efficiency that must be recognized and accepted by the ship designer. .

Thesis Supervisor;  Dr. James L. Kirtley Jr.
Associate Professor of Electrical Engineering and Computer Science
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Chapter One Introduction

Some recen: studies have examined the use of electric propulsion on surface warships
[ 1,2,3]. These studies have projected the possibility of significant volume and weight
savings compared to mechanical drive system options of similar horsepower ratings. The
author has found no recent studies that examine the impact of electric drive on the markedly
different problem posed by submarine design. The purpose of this study is to extend the work
done to submarines.

Modem submarine design is a complex, nonlinear optimization problem with
constraints. The designer must continually balance ship operating depth, speed, and mission
capability requirements against ship weight, volume, area and trim moment limitations. A
tentative solution to this problem (a conceptual submarine design) is not feasible unless the
equipment and structural material required to achieve the desired capabilities can be reasonably
arranged and enclosed within the proposed submarine hull. This is complicated by the
requirement of a submarine to be made neutrally buoyant and level rimmed while submerged
over a wide variety of loading conditions. A submarine is said to be neutraily buoyant when
the weight of the submerged submarine exactly equals the weight of water displaced by the
submarine hull. This is attained using variable ballast tanks to fine tune the ship's weight .
Level trim is the condition where there is no unbalanced lengitudinal moment on the submarine
while submerged. Unlike surface ships which experience a leveling moment due to the free
surface of the water, a submerged submarine must be able to adjust its "trimming" moment in
order to remain level when submerged. This is also done with variable ballast tanks.

Most modern naval submarines are basec on turbine driven, mechanically coupled
propulsion systems [4,5,6,7]. This design approach limits the flexibility in arrangement of the
engineering spaces since the entire drive train from turbine to propulsor must be mechanically

connected in order to transmit the propulsion power to the water.




Electric propulsion provides an option in which it is potentially possible to separate
physically the source of propulsion power (the turbines) from the ship's prime mover. Instexd
of turbines directly coupled to the shaft, electric turbine generators would provide electrical
power to a main motor which would drive the shaft. Such a design could conceivably
eliminate the need for the lock train, serially coupled mechanical systems and permit more
efficient use of the submarine's very tightly constrained interior volume. (Locktrain refers to a
means of coupling mechanical systems where gearing is permanently coupled together).

1.1 Report Organization

The report is organaized in the following manner.

Chapter One discusses the basic differences between surface ship and submarine
design,types of electric motor that could be used to advantage on a submarine and how electric
drive might be expected to affect the total submarine design. Particular emphasis is placed on
how these differences could be expected 1o affect the type of optimization objective function
used.

Chapter Two discusses the selection and development of the basic models, the
optimization technique used and the establishment of the constraints on the moiors .

Chapter Three provides an introduction to the basic principles of submarine design and
develops the mechanical transmission submarine design tha. will serve as the "experimental
control” of the study.

Chapter Four addresses the synthesis, design and selection of the candidate A.C.
synchronous motors for the study. Both direct drive and gear reduced motor designs are
considered.

Chapter Five investigates techniques by which the electrical efficiency of the motors
designed in Chapter Four might be improved for speeds other than the rated or design speed of
the motors. A discussion concerning why such off-design-point efficiencies are important

when a motor is considered for use as a submarine propulsion system is included.
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Chapter Six repeats the effort of Chapter Four for D.C.homopolar motors.

Chapter Seven integrates the "best" motors from the precediry chapters into the basic
submaine platform developed in Chapter Three and anaiyzes the naval architectural impacts
caused by the change of transmission systems.

Chapter Eight reviews and summarizes the results of the study and presents the
author's findings. Additionally, recommended areas for futher study growing out of the
findings of this study are presented.

Where appropriate, appendices are included to provide background and additional

detaii.

1.2 Submarine - Surface Ship Uesign Differences
Modem submarine design is fundamentally ditferent from conventional surface ship
design. Therefore, the advantages derived from electric propulsion systems on surface ships

do not necessarily apply to submarines.

Surface Ship Design:

The majority of modern surface warships (exclusive of some large aircraft carriers and
cruisers) have conventional, fossil fuel burning propulsion drive systems that employ gas
turbines as the prime mover for the ship's propeller. The transmission is mechanical and
locked train from the turbine to the propeller.

The use of mechanically coupled gas turbine dri *s imposes significant volume and
weight penalties on the ship. These penalties are associa ' with the gas turbine ventilation
intakes and uptakes, and with the shafting connecting the hip's propeller to the turbine. Gas
turbines require huge volumes of air to operate. Therefore, the gas turbines are usually located
directly underneath the main deckhouse stacks to minimize the "lost volume" for the intakes

and uptakes. Connecting the turbines to the shafting restricts the turbines to locations iow in
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the ship. This results in more volume being dedicated to gas turbine support and to long runs
of shafting from the turbine to the shaft/hull exit point that might otherwise be reallocated tor
other ship needs or elininated from the ship .

Gas turbines have other, indirect effects on the size¢ and weight of a surface ship. The
fuel load that a ship is designed tc carry is based upon the distance it must be able to travel
without refueling at the endurance specd. Marine gas turbines are single direction of rotation
machines. In order to change the speed of the ship or to back down, gas turbine ship designs
employ controllable, reversible pitch propellers (CRPP). When reversing the direction of the
ship's motion without reversing the direction of shaft rotation, CRPP's mechanically reverse
the pitch of the propeller blades. The problem with this is that CRPP 's are not usually the
most efficient possible propeller design for the particular ship's endurance speed. Typically,
the most efficient designs are fixed pitch propellers built with a blade pitch that would preclude
reversing the pitch. Therefore, CRPP's generally lower the overall propulsion plant efficiency.
This reduction in efficiency requires that additional fuel be loaded in order to meet the ship's

endurance reguirements.

Electric Drive Applied to Surface Ships :

Electric drive permits decoupling the propeller from the gas turbines. This eliminates
the need for much of the shafting and permits placement of the gas turbines higher in the ship
reducing the voiume and weight penalties. A srnaller hull is required to support the same
payload. This in turn reduces the total drag the ship must overcome to drive itself through the
water. In addition, although electric motors impose an additional energy conversion step in
transmitting the generated power to the water, they are inherently reversible. This permiis the
use of an optimized fixed pitch propeller which increases the overall efficiency of the
propulsion system. The end result is that the required fuel load is markedly reduced for a given

ship payload (which again reduces the size and cost of the ship). In summary, use of electric
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propulsion provides significant resource savings and design flexibility whei applied to surface

warships.

Submarine Design [8,9]:

In the United States, modern submarines have nuclear powered, steam turbine driven,
mechanical transmission propulsion systems {4,5,6,7]. The vessels are bodies of revolution
about the longitudinal axis of the ship. When underway, the entire hull is fully submerged so
that the entire hull contributes to ship drag. (These bodies of revolution are based upen the
optimum hydrodynamic shape for minimizing the drag force on the hull.) To reduce drag, the
hull's surface area (and therefore its volume) must be significantly reduced. However, since
submarine hull bunyancy must equal the weight of the submarine in order to make the design
neutrally buoyant, any reduction in hull volume must be accompanied by a matching reduction
in the submerged weight of the ship.

Once the required power of the ship is determined, the weight of the reactor systems,
steam systems and reactor support and steam plant support systems is fixed. Nuclear fuel lood
is fixed by the total stored energy in the fuel required to support the ship's expected operational
tempo between nuclear refuelings. Small variations in required power due to efficiency or fine
tuning of a speed requirement do not significantly change the weight of the propulsion plant
once these gross power requirements are set. The steam driven main piopulsion turbines are

reversible and speed variable, permitting the use of optimized, fixed pitch propeller designs.

Conclusions:

Electric drive advantages on surface ships accrue from indirect affects that result from
the improved arrangement of the propulsion equipment and improved propulsor efficiency. In
contrast to surface warships, electric drive designs for submarine have little if any indirect

effects, while directly affecting only those components that actually comprise the propulsion
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train. These components are the main propulsion turbines, the reduction gears and the
associated additional shafting. They comprise about 15% of the total propulsion and electricai
system weight for a typical submarine. Propulsion and electric plant systems comprise
approximately 25% of the submerged displacement of a modern submarine. Thus, only 4 10

5% of the submarine's weight is affected by use of electric drive. The point is that one must

not expect that electic drive will, a priori, impact the design of submarines in the same manner

as electric drive impacts surface ships.

The key difference is the flexibility of arrangement that exists on a surface ship as
compared to a submarine. As an example, consider a 10,000 Long Ton (1 long ton equals
2,240 pounds and is a standard naval architecture unit of measure. Coincidently, it is also very
nearly equa!l to 1 metric ton or 1,000 kilograms) displacement surface ship as compared to a
10,000 LT submerged displacement submarine. By Archimedes Principle, both vessels
displace 10,000 LT of seawater in order to float. For the submarine, this displaced volume
represents the entire available volume of the ship, or approximately 350,000 ft3 of volume.
For typical submarine designs, this would correspond to a 450 ft submarine with a 33 ft
diameter. A 10,000 LT surface ship displaces the same amount of seawater, but this only
represents the submerged volume of the ship or less then half of the available arrangeable
volume since the ship also has hull volume above the waterline and the volume in thie

deckhouse superstructurs to use for arrangements.

1.3 Review of Electric Drive

Electric propulsion on submarines is not a new concept. Actually, the "new" concept is
turbine mechanical drive. Almost since submarines changed from thc manually powered
designs of the Eighteenth and Nineteenth Centuries, the need for reliable, non-air-breathing
propuision systems have led naval architects 10 use large electric storage batteries to provide the

energy needed to drive the ship while submerged. Space and weight limitations forced the
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designer to use the same main motor for both surfaced and submerged operation. Thus
evolved the Diesel Electric Submarine, the undersea threat of both World Wars and the
mainstay of most modern submarine forces throughout the world. Typical shaft horsepower
ratings for diesel electric submarines are anywhere from 1500 - 6000 HP [4,5,6,7]. The large
marine diese! engine generators provide power for propulsion when operating surfaced or
snorkeling and to charge the main storage batteries in preparation for submerged operation.
Submerged endurance then is a function of battery capacity (a design parameter) «nd battery
discharge rate (an operational parameter).

With the advent of nuclear power in the 1950's and 1960's, most submarine design
moved away from electric drive towards mechanical systems. In order to take full advantage of
nuclear power, submarine shaft power levels are far in excess of any previous submarine
design. Additionally, submarines require the flexibility to instantly operate at any speed
between zero and full power speed. Electric motors of the day capable of the power and speed
tlexibility (such as commutated D.C.) were heavy, bulky and difficult to maintain within the
tight confines of a submarine. Alternatives such as A.C. motors are usually smaller, lighter
and easier to maintain, but have the disadvantage of being difficult to change speed ,
particularly throughout as broad a speed range as required by a submarine.

Recent advances in electric machine design and power electronics have made the use of
large electric motors as submarine main propulsion systems appear feasible.

Two systems in particular appear to hold promise for submarine use, but for different
reasons:

. Conventional Homopolar D.C. motors have the advantage of being phase

upgradable to superconducting machines of similar design if high temperature
superconductors become feasible. Power sources and centrol systems for a

comparably rated superconducting homopolar motor should not require
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significant changes, so a simple propulsion platform replacement appears to be
an option to superconducting drive backfits. |

. A.C., Water Cooled Stator, Synchronous Motors provide a great deal of
commonality with proposed surface warship designs. In addition to the
typically smaller size and weight of A.C. components (as compared to D.C.
systems), there are potential cost savings in both procurement and life cycle
management of these systems if the number to be bought can be combined with
procurement and support of surface warship systems.

A.C., Water Cooled Stator, Induction Motors offer similar advantages to the

synchronous machines, but were not studied for two reasons:

a. Submarine propulsor speed control requires a degree of precision that is more
difficult with a slip conwrolled machine than with a synchronous machine.

b. Davis (1] results indicated that synchronous and induction motors were
comparable in size, weight and efficiency so that the submarine design impacts

of the two motor selections would be of the same order.

1.4 Optimization

Most real decisions involve making tradeoffs among a variety of possible strategies in
order to achieve the best possible result. The result, or "objective" can be to maximize or
minimize some parameter, while the strategies can involve the allocztion of resources needed to
achieve the various possible outcomes.

Optimization is a process by which the decision process is modeled mathematically in
order to evaluate possible strategies efficiently and determine the "best" decision. In this
process, the objective goal is modeled by a single objective function that in some way provides
a numeric measure of how well the goal was achieved. The strategies can be related to

constraints upon how the goal is obtained. In many cases this would represent the limitations
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on resources a manufacturer might have in a selection of fabrication processes or in aliocation
of assets between different ongoing projects. In the design world the objective might represent
the new device's required output or efficiency while the strategies or constraints might involve
controlling fabrication time, reducing material costs or ensuring that the dimensions of the
device would permit it to fit in a preexisting system.

The concerns for a constrained optimization of a submarine propulsion motor closely
match those discussed by Davis [1] and will not be repeated here. The only difference will be
that because of the extremely restricted volume for arrangability on submarines, volume
available for the motor and the gross dimensions of the motor are hard and fast constraints.
The motor must,first and foremost, fit within the limiting dimension of the submarine hull
(usually the internal hull diameter). A motor that will not fit into the hull is not a feasible
solutior.

The final concern is what to optimize. Davis[1] used a parameter called Effective
weight as an objective function. In simplest terms, the best design for a given ship propulsio'n
power level is the lightest weight design. The ship power requirement is the mechanical power
turning the shaft at the output of the motor. Upon closer examination, it becomes apparent that
the efficiercy of the motor will affect the size of other propulsion plant components in order to
achieve the required output horsepower from the total power plant.

Effective Weight is used as the objective function for the design of the motors
encompassing both the actual motcr weight and a factor to allow for the size of the propulsion
plant fluctuation based on the changes in motor efficiency caused by variation in the physical

parameters of the motor

Effective Weight = Motor Weight + kn(1-n) + kyv

17




where 7 is the overall efficiency of the motor design, ky is the weighting factor for
efficiency, v is the envelope volume of the motor and ky is the weighting factor for motor
volume. The weighting factors were obtained from changes in propulsion plant weight for

marginal changes in motor efficiency and volume. Appendix A contains a derivation of thess

relations and numerical evaluaticns of ky and ky.
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Chapter Two: General Considerations

2.1  General Modeling Considerations

This study considers only the steady state behavior of the candidate motor systems.
The changes in the size and weight of a large motor resulting from adjustment of its dynamic
response are relatively small when compared to the impact of the motor itself. The impacts on
the design of the submarine of such changes would not cause a feasible motor design (based
upon the steady state analysis) to become infeasible.

Synchronous motor modeling was done using the techniques and computer codes
developed by Davis [1] with some minor differences in approach. These differences are
primarily the result of more detailed thermal effect analysis and are discussed in detail in the
applicable chapters.

The design method leaves the nnmber of winding turns and the number of rotor and
stator slots unspecified. The units for the motor electrical parameters were "nonmalized” to
account for the actual current densities and power ratings of the motors. These normalized
units are "volts per turn", "ampere-turns” and "ohms (itnpedance) per turn squared”. Power is
measured in watts.

The number of pole pairs in a machine was varied until 4 trend of diminishing
improvements was observed.

Homopolar motors were modeled as drum style machines using a design program [10)]
provided by the David Taylor Research Center (Code 271) in Annapolis, Maryland. The
number of current collectors for the transfer of current from the armature rotor te the armature
stator are in discrete pairs. The design technique "deterministically builds" a motor with the
specified number of current collectors. An initial design guess is obtained by first ensuring
adequate power is provided to the motor (ie current and voltage specification). A closed

solution is obtained by then iierating the MMF magnetic circuit parameters versss the terminal
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output that result. Motor designs were developed for collector configurations from thnty to
forty pairs. The optimum design was obtained by applying the Effective Weight objective

function to the resulting designs.

2.2 Optimization Technique

The optimization of an c¢lectric motor is done over a multiple dim¢nsion variable space.
Changes in the gross dimensions of a machine affect the tightiy coupled electrical parameters of
the machine and thus its predicted performance. For exarmple, changes to the gap separation
between the rotor and stator of an A._. motor will change the magnetic field (by Ampere's
Law) , the synchronous reactance of the motor, and the thermal performance of the motor.
Such interdependences greatly ircrease the complexity of designing the "best" possible motor
in a time and effort efficient munner.

The technique 1sed by Davis [1] for the design of A.C. machines is a combination of
the Monte Carlo and steepest descent schemes. A random number generator is used to
establish 2 "seed” design point for the machine dimensions (subject to the constraints
imrosed). A series of random steps in all variable dircctions is taken about the seed point.

For each of the steps, the effective weight is calculated and the lowest of these established as
the new design point. The process is repeated until the irnprovement between design points is
less than a specified tolerance. At this point, the step size is halved and the process is repeated.
The process rpeats with step size being halved up to ten times with the lowest effective weight
being presen:ted as the output design.

The synchronous design program assigns randomly selected values for the stator
current (ensity, rotor radius, rotor/stator air gap, and the stator and rotor slot space factors.
Additionally, the code was modified to randomize rotor current density while fixing the

synchronous reactance. in order to check the sensitivity of the optimization to the set of
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variables selected. Back iron dimensions were sized to keep the flux levels in the ivon just
below saturation when operating a: rated power.
2.3 Constraints
2.3.1 Electrical Motor Design Constraints
The following table summarizes the constraints imposed on the design optimizations.

Table 2.1 Electric Motor Constraints

Minimum Air Gap Flux Density: 1.05 Tesla rms
Maximum (saturation) Flux Density 1.8 Tesla rms
Maximum Rotor Radius 2.0 meters
Maximum Motor Envelope Radius 3.0 meters
Maximum Rotor Tip Speed 200 meters/sec.
Maximum Rotor Slot Depth 33% of rotor radius
Maximum Synchronous Reactance 2.0 per unit

Power Factor 0.8

Flux density limitations are based on minimum acceptable fields for motor operation
and the saturation characteristics of the magnetic steel selected for the motors, 26 gauge M19
steel. M19 is a typical high grade magnetic sheet steel used in electric motor fabrication and its
properties were found in USX technical data [11].

Envelope radius ensures that the designed motors will fit within the enclosure of the
submarine in the vicinity of the shaft sterntube. The hull radius of the mechanical transmission
submarine design where the motor will be installed is 13 feet. Allowing for the structural hull
framing, the free spacc for the motor will be approximately 22 feet in diameter. The three
meter radius of envelope limit will allow for the inclusion of support structures to hold the

motor inplace.




Rotor tip speed ensures that the structural strength of the connection of the rotor bar to
the rotor is not exceeded. This is consistent with standard Navy design practices for rotatiﬁg
electrical equipment design. Rotor slot depth is constrained to ensure that some reasonable
portion of the rotor is selid to transmit the mechanical torque the motor is generating.

Synchronous reactance is an impedance between internal voltage and machine
terminals. High values of synchronous reactance result in larger than necessary field current
adjustment under load, inferior dynamic performance and low transient stability lirnits. The
limit of 2.0 per unit was taken from as built machines. The power factor of 0.8 is consistent

with standard design practices.

2.4 Other Considerations

The weight calculated for the metors was adjusted by three percent of the rotor weight
to account for the weight of the bearings and bearing caps on the motor shaft. Motor frames
and foundations were estimated to be ten percent of the motor's weight and volume calculated
values. 'I:hc envelcpe weights and volumes (ie motor, foundations, frames and bearings) were
used in the decisicn analysis.

Efficiency is the ratio of the output power to the sum of the output power and the
various lnsses a:crued in generation of the output. In this study, the losses accounted for are
rotor and stato copner resistance losses, hysteresis losses and eddy current losses. The
copper resistaace losses result from the imposed electric currents that make the machines work.
The other two loss modes result ‘rom circulating currents in the magnetic steel used in the
fabrication of the machines.

Eddy currents result from time varying magnetic fields and oppose changes in flux
dersity. Eddy current losses are proportienal to the square of the electrical frequency and the

square of the peak flux density. Rotors and stators are built of thin laminations of the the
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magnetic steel separated by insulating varvish in order to limit the axial magnitude of these
currents.

Hysteresis losses are the result of the magnetic material being driven along the B-H
liysteresis curve by the variation of the current due to the electric frequency. The magnitude of
the loss is proporticnal to the area of the hystercsis curve, the volume of material used to build
the machine and the electrical driving frequencies.

USX has developed parametric equations to estimate the losses associated with

hysteresis and eddy currents in watts per pound of material.

0.01445 B f By Hc
Hysteresis Losses: ph =

D

0.4818 NBy21t2 {2
Eddy Current Losses pe =

pD
where:
B = the hysteresis loss factor (ratio of the actual arca of the hysteresis
curve to the square loop formed by B; and H,

f = the electrical frequency in Hertz
B = the residual induction in kilogauss
Bm = the saturation or maximum flux density in Tesla
Hc = the coercive force in oersteds
D = the density of the steel in grams per cubic centimeter

= the elec.cal resistivity of the steel in microohm-centimeters

= the anomalous loss factor
t = the lamination thickness of the steel, 0.014 inches for M19 steel

23



With the exception of the lamination thickness and the electrical frequency, the
parameters above are physical constants of the material used in the fabrication of the machines.
The values are parametric in nature and do not reflect effects due to metallurgical variation in

the processing of the steel.
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Chapter Three: Mechanical Submarine Baseline Design

3.1 Basic Design Technique Discussion
Historical beginnings

New submarine design is generally evolutionary in nature, that is, a great deal of what
goes into the design is based upon recent successful projects. With the exception of some
particularly radical design feature, such as the "teardrop” hull design on USS ALBACORE or
the initial use of nuclear powered propulsion systems on USS NAUTILUS, the basic design
and system tradeoffs involved show a great deal of similarity to previous designs. There are
both physical and practical reasons for this.

First, the submerged weight of the total ship must equal the weight of the water that the
hull and impenetrable appendages (the so called "everbuoyant volume") displaces. The initial
determination of the ship gross characteristics (overall length or "Loa", hull diameter or "D,
and basic shape coefficients) impose a rigid set of constraints on the design. The weight of
materials used, the types of equipment installed, the amount of arrangeable volume and "floor
area" are resources that must be carefuily monitored and controlled if the ultimate design is to
be feasible.

In a practical vein, the performance characteristics of the previous ship designs have
been carefully documented and studied. This large, detailed knowledge base indicates that the
submarines consistently performed as they were expected to when in the early design phase.
This consistency of performance permits the designer to make reasonable statements on the
performance and cost of the new submarine, years in advance of the first unit going to sea, o
long as the assumptions built into the design methodology are met.

The problem with this type of design procedure is that any large deviation from the
current body of knowledge (such as a modern day ALBACORE or NAUTILUS) are viewed

with skepticism, since the outcome can not be as zccurately predicted.
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Design Progression:

The submarine design process is a stepped progression that solves the design problem
to that level of detail and complexity needed to support the next key decision. These decisions
usually involve whether or not to proceed further down the design path (and to incur the
associated expense), but could also involve answering questions on how a capability might be
implemented on a submarine platform (such as the POLARIS Sea Launched Ballistic Missile
program).

The initial step is Feasibility Study. The goal of Feasibility Study is to answer the
questions "Can it be done?" and "Will it float?". The studies are first order involving gross
weight-buoyancy balances and only large or critical comiponent arrangement. Ship costs are
estimated, but only very crudely (+ 100%). The most promising designs can be studied in
greater depth and detail. In particular, the impacts of possible key design tradeoffs can be
studied to determine how the choices affect the ship.

The next step in the process is Preliminary Design. At the end of Preliminary Design.
the key decisions for equipment and capability have been made and "frozen". The study
deliverables include detailed arrangement drawings, a detailed weight - buoyancy estimate and
a cost estirnate suitable for presentation in the Congressional Budget Request. Between fifty
and one hundred drawings have been developed and form the basis of the next phase.

Following Preliminary Design, Contract Design develops the drawings, specification
lists, cost estimates and test plans needed to present a "biddable package" to ‘ndustry for the
final detailed design and construction of the new ship.

Detailed Design is the final product that will be used to fabricate the actual ship.
Anywhere from fifty to one hundred tliousand drawings and one to two miilion parts will be
used to finish a submarine.

It is important to realize that the above efforts are all "pencil to paper” effosts; that is,

done without the benefit of a computerized, synthesis tool. For surface ship design, the
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